* Abstract-Quantitative comparison of peptides and glycans in serum is conducted using matrix-assisted laser desorption/ionization-time of flight mass spectrometry (MALDI-TOF MS) to identify biomarkers. A peak selection algorithm is developed to identify a panel of integrated peptide and glycan peaks to distinguish hepatocellular carcinoma (HCC) cases from high-risk population of patients with chronic liver disease (CLD). Candidate peptide and glycan markers selected frequently in multiple runs of the algorithm are presented. The performance of these markers is evaluated in terms of their ability to distinguish HCC cases from patients with CLD in a blinded validation set.
I. INTRODUCTION
ASS spectrometry (MS) provides a rich source of information for molecular characterization of the disease process. The method has a great potential to identify a panel of biomarkers relevant for early diagnosis of complex diseases such as cancer. Several laboratories have demonstrated the feasibility of selecting peptide biomarkers in MALDI-TOF spectra for disease classification [1] [2] [3] . The characterization of glycans in serum of patients with liver disease is also a promising strategy for biomarker discovery [4] . An alternative strategy is to integrate both peptides and glycans for improved diagnostic capability. Figure 1 illustrates our methodology for integrated peptide and glycan biomarker identification. The methodology is applied to discover a panel of candidate peptide and glycan biomarkers for the detection of HCC in a high-risk Egyptian population with chronic liver disease (CLD), consisting of fibrosis and cirrhosis patients [5, 6] . Low molecular weight (LMW) enriched peptides and permethylated glycans are analyzed using a matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS). Following spectral preprocessing, peak detection, and peak screening, the peptide and glycan peaks are combined. A peak selection algorithm called ACO-SVM is then applied to search for a panel of peaks that distinguishes HCC from CLD. ACO-SVM combines ant colony optimization (ACO) and support vector machine (SVM) methods to systematically search for the most useful panel of peaks from a large number of candidate peaks without performing an exhaustive search [3] .
II. METHODS

A. Serum Samples
The participants in this study included 73 HCC cases, 78 healthy controls, and 52 CLD controls recruited in Cairo, Egypt [6] . Seventeen HCC cases were classified as early (Stage I and II) and 33 HCC cases as advanced (Stage III and IV) according to the staging system described in ref. [7] . For the remaining 23 HCC cases the available information was not sufficient to assign the stage. The CLD group included biopsy-confirmed 21 fibrosis and 25 cirrhosis patients. Six individuals in the CLD group did not have sufficient clinical information.
B. Sample Preparation and Spectral Generation
We utilized an enrichment procedure to analyze native peptides in the LMW fraction of serum using MALDI-TOF MS as described previously [2, 8] . We acquired 203 mass spectra using the Flex Control and Flex Analysis software (Bruker Daltonics, Billerica, MA). Each spectrum consisted of ~136,000 m/z values with the corresponding intensities in the mass range of 900 to 10,000 Da.
The sample preparation for quantification of glycans involved enzymatic release of N-glycans from glycoproteins, extraction of N-glycans, and solid-phase permethylation as described previously [9] . The resulting permethylated glycans were spotted on a MALDI plate with DHB-matrix, MALDI plate was dried under vacuum, and mass spectra were acquired using a 4800 MALDI TOF/TOF analyzer [10] . The spectra were recorded in the positive-ion mode, since permethylation eliminates the negative charge normally associated with sialylated glycans. 203 raw spectra were exported as text files. Each spectrum consisted of ~121,000 m/z values with intensities in the mass range of 1,500-5,500 Da.
C. Spectral Preprocessing
Spectral preprocessing began by splitting the peptide and glycan spectra into a labeled set (training and validation sets) and a blinded set. The training and validation sets consisted of a subset of HCC cases, a subset of CLD controls, and all population controls (people without manifest liver disease). The blinded set comprised of masked HCC cases and CLD controls; this set was used to evaluate the generalization capability of the peaks selected on the basis of the training set. The spectral processing begins by binning the raw spectra. Fig. 2 shows examples of binned peptide and glycan spectra.
Baseline correction, outlier screening, normalization, peak detection, peak calibration, peak screening, and peak selection were performed on the binned training and validation sets by subjecting the entire process to cross-validation [3, 8, 11] .
For peak screening, logistic regression models were used to examine association of the peaks to known covariates including age, gender, smoking status, residency, HCV and HBV viral infections. This analysis was performed on the samples from healthy controls to unambiguously isolate peaks associated to the covariates [3] . Peaks that exhibit statistically significant association to the covariates were removed from subsequent analysis.
D. Integrated Marker Selection
Following peak screening, the peptide and glycan spectra were combined. The rationale for combining the peptide and glycan spectra was to allow the peptides and glycans to compete against each other during peak selection, so that a panel of integrated peptide and glycan biomarkers can be identified to obtain improved diagnostic capability.
The ACO-SVM algorithm searched for the optimal peak set consisting of a pre-specified number of peaks. The peak set was selected on the basis of its ability to distinguish HCC cases from patients with CLD in the validation set. Note that the spectra in the validation set were not involved in the peak detection, peak calibration, and peak screening steps. They were screened for outliers, binned, baseline corrected, normalized, and scaled on the basis of the parameters used to preprocess the spectra in the training set. These parameters included outlier screening factors (i.e., median record count 
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and TIC) and a scaling factor that standardizes the peaks in the training set to have a maximum of 100. The peaks in the validation set were quantified at the selected markers. The quantified peaks were then presented to the SVM classifier previously trained using the peaks from the training set. The performance of the SVM classifier in predicting the disease state of the subjects in the validation set was used by ACO-SVM to guide its search for the optimal peak set.
E. Marker Evaluation
The spectral preprocessing, peak detection, peak calibration, peak screening, and peak selection steps were repeated multiple times by randomly splitting the spectra into training and validation sets with resubstitution. Note that the number of peaks detected and the size of the m/z windows could vary due to the change in the population set at each iteration. Due to this, the same peak can be represented by m/z windows with different widths. These are considered as overlapping m/z windows as long as they represent the same peak. We therefore merged these overlapping m/z windows and represented them by a new m/z window whose boundaries were determined as the minimum and maximum m/z window edges of the overlapping windows. The new m/z windows were summarized to determine the most frequently selected markers.
The spectra in the blinded set were outlier screened, binned, baseline corrected, normalized, and scaled on the basis of parameters used to preprocess the spectra in the training set. We built an SVM using the selected markers quantified in the training set and evaluated the capability of the SVM classifier in terms of sensitivity and specificity in distinguishing HCC from CLD in the blinded set.
For further evaluation of the selected peaks and to examine the consistency of our methodology, we repeated the entire peak selection process by randomly splitting the spectra into training, validation and blinded sets with resubstitution as illustrated in Fig. 1 . The frequency of occurrence of the resulting summarized peaks and the corresponding sensitivity and specificity in multiple runs were evaluated.
F. Peptide and Glycan Identification
To ensure accurate biological interpretation of candidate biomarkers and to enable independent laboratory validation, peptides and glycans represented by the selected peaks need to be identified. MALDI-TOF/TOF and LC-MS/MS instruments were utilized for peptide and glycan identification. Sequencing of the peptides is under way. Glycan structures for 50% of the peaks detected in this study are available.
III. RESULTS
The 203 serum samples that consisted of 73 HCC, 52 CLD, and 78 population control subjects were split into a training set (25 HCC, 25 CLD, and 78 population controls), a validation set (10 HCC, 10 CLD), and a blinded set (38 HCC and 17 CLD). Spectral preprocessing, peak detection, peak calibration and peak screening were performed as described in ref. [8] . The peptide spectra yielded ~240 m/z windows and the glycan spectra yielded ~90 m/z windows in multiple runs with different training sets. These peptide and glycan m/z windows were then combined together before marker selection. The ACO-SVM was applied to search for a small peak set from a total of ~330 peaks (m/z windows). The capability of potential peak sets in predicting the spectra in the validation set was used by ACO-SVM as a criterion to search for the optimal peak set.
The above procedure was repeated 100 times by reshuffling the training and validation set and randomly selecting (with resubstitution) 25 HCC and 25 CLD spectra as a training set and the remaining 10 HCC and 10 CLD spectra as a validation set. The peaks selected in 100 runs were summarized by merging overlapping windows. Figure  3 shows the frequency plot of the summarized peptide and glycan peaks (represented by their m/z windows) over 100 runs. Only peaks that were selected in at least 10% of the runs are shown in the figure. The first seven peaks were selected in more than 45% of the runs. P1 and P2 are peptide peaks, while G1-G5 are glycan peaks. An SVM classifier built with these two peptides and five glycans yielded 87% sensitivity and 100% specificity in distinguishing HCC cases from patients with CLD in the blinded set. To examine how the peak selection process is impacted by the subset of training and validation spectra used for peak selection, we repeated the entire peak selection process ten times by randomly splitting the spectra into training, validation and blinded sets with resubstitution. The average classification accuracy in distinguishing the samples in the blinded set over 10 runs was 98% with 2% standard deviation. Figure 4 presents a frequency plot of the peptides and glycans selected over the ten splits with each split run 100 times. The ten most frequent markers that consist of one peptide and nine glycans are shown in the figure. Fig. 5 shows the box plots for these markers after the HCC cases by stage (early stage HCC and late stage HCC) and the CLD controls by disease (fibrosis and cirrhosis). Sugar compositions for six of the nine glycans are presented in Fig.  1 along with mean glycan spectra for the HCC and CLD groups. Also, the mean peptide spectra are shown in the figure. The peptide sequence information for the selected peptide peak is unknown.
As a comparison, the peak selection process was performed by using the SVM-recursive feature elimination (SVM-RFE) method instead of ACO-SVM. The average accuracy of the peak sets obtained over 10 runs was 92% with 3% standard deviation, in distinguishing the cases from controls in the blinded set. Three glycan peaks overlap between the two peak selection methods (ACO-SVM and SVM-RFE) when the top 10 combined peaks are considered. We observe that the most frequently selected peak by ACO-SVM had a frequency of 95%, while the most frequently selected peak by SVM-RFE had only 65% frequency.
IV. CONCLUSION
This paper introduces an integrated approach for quantitative comparison of peptides and glycans in serum for biomarker discovery. Candidate peptide and glycan biomarkers of HCC were obtained by comparing MALDI-TOF spectra of LMW enriched peptides and permethylated glycans, respectively.
The method has the potential to identify a panel of peptide and glycan biomarkers that may provide better diagnostic capability than those that consist of either peptide or glycan markers only.
The potential clinical utility of the selected candidate markers needs to be evaluated through independent laboratory experiments and samples from other populations. The computational methods presented in this paper provide researchers with a list of peaks -sorted by their capability to distinguish HCC patients from CLD cases -to allow a more targeted identification of peptide sequences and glycan structures as well as validation of the candidate biomarkers through independent laboratory experiments.
